SUMMARY
We There is equality in the homogeneous coordinate in (1) . (3)
(4)
Calibration of Homography Matrix
One elaborate method of obtaining the homography matrix is to follow the steps, described in 2.1, one by one. For example, by using Zhang's multiple-plane calibration [4] , it is possible to obtain Eqs. (1) and (2), and then by using the equation of a plane corresponding to the road, we can obtain homography that transforms the image plane into the road plane. However, this method is impractical for automotive applications because the calibration pattern is large and has to be observed from several different directions. Another similar method is to obtain the internal camera parameters beforehand and then use the design values of the external camera parameters to determine Eqs. (1), (3) and (4). However, this method does not work well, because the design values of the external parameters are not sufficiently accurate. As a result, the top view images generated by this method frequently become distorted, as illustrated in Fig. 3 .
The two methods described above are indirect in the sense that the camera is calibrated as a 3D-to-2D projective device first, and then the 2D-to-2D projective homography is computed afterwards. As a matter fact, no 3D-to-2D projective characteristics are needed to determine the homography.
In a direct method, a large calibration pattern is placed on the road. On the surface, there are some reference points with absolute 2D coordinate values. Four sets of corresponding points between the reference points of the input image and the calibration pattern are sufficient to compute the matrix. However, in general, to obtain a precise matrix, many corresponding points should be laid out evenly across the entire image. The precision of this method is illustrated in Fig. 4 . Though this method is stable, it requires a large calibration pattern. This direct method is hereafter referred to as the conventional method. 
Proposed Method without Global Metric Information

Basic Idea
It is thought that the calibration pattern must cover a large area of the input image for the calibration to be precise. The conventional method uses a large planar pattern, such as a checkerboard. The proposed method uses smaller elemental patterns and places them at arbitrary positions on the road's surface, as illustrated in Fig. 5 . It is the same as the conventional method in that the patterns cover a major part of the input image as a whole. However, it is different in that the patterns are not precisely aligned with each other. Not all element patterns are necessarily the same, but the dimensions of all of them must be known in advance. One of them, which is selected in order to estimate an ini- tial homography, must have at least four reference points. In this paper, all of the element patterns are the same and are square in shape. They are placed evenly, but not necessarily aligned precisely. Starting from an initial homography computed using one of the element patterns, the tentative homography matrix is optimized by iteratively minimizing the error function, taking into account all patterns.
Optimization Procedure
The procedure for optimizing the homography is shown in Fig. 6 . In the first step, one of the element patterns is selected. In the second step, a homography matrix that transforms the selected pattern into a fixed size square is computed. Then, this matrix is used as the initial value of an iterative process in the third step, where the matrix is modified iteratively using an evaluation function obtained from all patterns. The evaluation function is defined by Eq. (5). Here dn is the distance between two corresponding corners of an element pattern and a pattern transformed by a tentative homography, as illustrated in Fig. 7 . The two quadrangles are laid out as shown. There are three dn's for each pattern and all dn's over all patterns are summed up to obtain one evaluation value. Powell's quadratically convergent method is used as the algorithm to minimize the evaluation function.
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Experimental Results
Accuracy Evaluation by Simulation
We conducted a simulation experiment as follows. It was assumed that there were 100 points on a plane surface. They were aligned on an equally-spaced 10•~10, 100mm square grid, as shown in Fig. 8 (a) . These reference points were observed using a camera. It was assumed that a VGA image such as the one shown in Fig. 8 (b) The small dots in Fig. 8 (b 
Accuracy Evaluation Using Actual Images
We conducted an experiment to test the effectiveness of the proposed method. We used the CCA-BC200 manufactured by SANYO Electric Co., Ltd., as the rear view camera. The horizontal view angle of the camera is 135 degrees. The lens distortion was corrected in advance as shown in Fig. 10 .
We prepared two patterns for the accuracy evaluation. One was an all-checkerboard pattern. The other was a roughlyplaced-four-square pattern. The four-square pattern also had a checkerboad on it for the accuracy evaluation. As shown in (AA) of Fig. 11 , for the accuracy evaluation of the conventional method, ten intersecting points were selected from the all-checkerboard pattern. The ten pairs of input and transformed image coordinates were carefully extracted. For each evaluation of the proposed method using the all-checkerboard pattern, a different number of squares on the checkerboard was used, as shown in (BB1) to (BB3) in Fig. 11 . The number used varied between one, two and four. We also conducted the accuracy evaluation of the proposed method using the roughly-placed-four-square pattern. For this pattern, the four squares surrounding the checkerboard were used for the calibration and the checkerboard was used only for the accuracy evaluation.
The calibration results are shown in Table 2 . An error is the distance between a coordinate value computed by the estimated homograpy and the ideal coordinate value of each intersecting point, as shown by the grid lines in Fig. 11 . Max. is the maximum value of the errors of the all intersecting points, Min. is the minimum value of the errors, Ave. is the average, and SD is the standard deviation. Area in Table 2 is the area covered by the calibration pattern for each case. The unit value of Area is the area of one square in the checkerboard. Table 2 shows that, in terms of SD, AA is 2.92, BB3 is 3.10 and CC is 2.89, and in terms of Ave., AA is 3.94, BB3 is 4.73 and CC is 3.18. Therefore, it can be seen that the accuracy of BB3 and CC, both of them using the proposed method where four squares placed at similar positions, is comparable to AA. In terms of Area, AA is 54. BB3 and 
